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Abstract 

Carbon nanotubes are the focus of considerable research efforts due to their fascinating physical properties. They pro- 
vide an excellent model system for the study of one dimensional materials and molecular electronics. The chirality of 
nanotubes can lead to very different electronic behaviours, either metallic or semiconducting. Their electronic spec- 
trum consists of a series of Van Hove singularities defining a bandgap for semiconducting tubes and molecular orbitals 
at the corresponding energies. A promising way to tune the nanotubes electronic properties for future applications is 
to use doping by heteroatoms. Here we report on experimental investigation of the role of many-body interactions in 
nanotube bandgaps, the visualization in direct space of the molecular orbitals of nanotubes and the properties of nitro- 
gen doped nanotubes using scanning tunneling microscopy and transmission electron microscopy as well as electron 
energy loss spectroscopy. 

Resume 

Etude couplee par TEM/EELS et STM/STS des proprietes structurales et electroniques des nanotubes C et 

CN, 

Les nanotubes de carbone sont I'objet d'importants efforts de recherche en raison de leurs fascinantes proprietes 
physiques. lis constituent un systeme modele particulierement interessant pour I'etude fondamentale de materiaux 
a une dimension et pour I'electronique moleculaire. En fonction de leur chiralite, les nanotubes peuvent adopter un 
comportement electronique soit semiconducteur soit metallique. Leur spectre electronique est domine par une serie 
de singularites de Van Hove qui definit la bande interdite des tubes semiconducteurs et les orbitales moleculaires 
situees a ces energies. Pour controler et moduler les proprietes electroniques des nanotubes, une voie prometteuse est 
d'utiliser le dopage par des heteroatomes. Les travaux presentes ici portent sur I'etude experimental de I'influence 
des interactions a N corps sur la valeur de la bande interdite des tubes semiconducteurs, la visualisation dans I'espace 
direct des orbitales moleculaires des nanotubes et les proprietes des nanotubes dopes par 1' azote en utilisant des 
mesures de microscopic tunnel, microscopic electronique a balayage et spectroscopic de perte d'energie des electrons. 
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1. Introduction 

Carbon nanotubes (CNTs) have attracted considerable interest for their unique electronic properties due to their 
one dimensional character fr, '2"]. A nanotube consists in a single graphene layer rolled up into a hollow cylinder. 
The many possibilities to roll up this sheet lead to different chiralities for the CNTs. Depending on this chkality, the 
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resulting CNTs can be either metallic or semiconducting. This special link between atomic structure and electronic 
properties makes the CNTs fascinating candidates for molecular electronics. A promising way to further tune and 
control the electronic structure of CNTs is to dope them with foreign atoms. Direct doping during the synthesis opens 
a promising route forpotential applications, such as field emission, gas sensor and negative differential resistance 
(NDR) devices IJ, |4|, jsl la LZ|] . In this context, multiwall nanotubes containing nitrogen dopants (CN v-MWNTs) have 
been successfully produced by different groups fllll]. However, the as-grown CN^^^-MWNTs usually have a bamboo- 
like structure involving a high density of defects, which complicates the investigation of nitrogen configurations and 
nitrogen-induced effects. Compared to MWNTs, single-wall nanotubes (S WNTs) are better candidates, but only a few 
studies on the synthesis of nitrogen-doped SWNTs (CN^^^-SWNTs) have been reported Lioi U, 12]. In these studies, 
chemical characterization, such as electron energy loss spectroscopy (EELS) | T^, 12 ] or X-ray photoelectron spec- 
troscopy (XPS) 1 1 1], has been employed to analyze the C-N bonding environment, as done before on CN^ materials, 
films or multi-wall nanotubes |4, 5,]. These studies on CNj^-SWNTs diverge, to some extent, in their interpretation 
of C-N bonding. An efficient approach providing more than chemical information is needed to understand nitrogen 
incorporation and doping impact on the atomic and electronic structure of nanotubes. 

Scanning tunneling microscopy (STM) and scanning tunneling spectroscopy (STS) are powerful tools to measure 
local electronic properties of SWNTs and correlate them with their atomic structure iflsifTill . Theoretical calculations 
1711 have shown that a single defect (vacancy, pentagon, adatom) can manifest itself as a perturbation in the 
carbon network in STM images and as a modification of the local density of states (LDOS) in STS measurements. 
Thus STM/STS measurements can reveal the atomic structure and the DOS change of nanotube-based hetero-j unctions 
[18,1^, "20!, plasma-sputtered nanotubes f^T] and other nanotube based systems. Czerw et al |22] have reported 
STM/STS studies on CNj-MWNTs. However, studies concerning CNi-SWNTs are still scarce. 

In the case of pristine nanotubes, the pioneering experiments of local tunneling spectroscopy on SWNTs have been 
interpreted within a tight-binding single particle model neglecting many-body effects. The same model 

was also able to reproduce optical measurements. However it has been shown that excitons have a major contribution 
to the optical transitions |2^ 27, 28, 2^. As a consequence, the similar values of the gap of SWNTs measured either 
by STM — not expected to be sensitive to the excitons — or optical absorption became unclear and it is necessary to 
revisit the STS study of SWNTs. 

In this context, we studied by STS the electronic bandgaps of pure C-S WNTs and solved this apparent controversy 
using a model where many-body effects are screened by the image charge induced in the metallic substrate. In order 
to provide a complete picture of the electronic structure of nanotubes as can be measured at the atomic scale by STM, 
we also investigated the wavefunctions associated to the Van Hove singularities (VHSs) which can be regarded as 
nanotube molecular orbitals. These orbitals play a major role in controlling the electronic bandstructure of carbon 
nanotubes upon doping or functionalization |30]. The modification of the electronic structure of CNTs by nitrogen 
doping has also been studied jsill by coupling morphology analysis by TEM, chemical characterization by EELS and 
STM/STS measurements. 



2. Experimental 



Difi'erent sorts of nanotubes were used in the present study. Using the home-made reactor at ONERA II32I1 . pure 
carbon SWNTs were synthesized in the arc discharge configuration whereas the nitrogen doped nanotubes were syn- 
thesized in the laser vaporization configuration described elsewhere I'sT]. The synthesis products were ultrasonic ally 
dispersed in absolute ethanol for 15 min and deposited on grids for TEM studies (Philips CM20, 200 kV) of the 
morphology and of the diameter of nanotubes. Several tens of pure carbon nanotubes were statistically analyzed. 
Using a Gaussian fit, we obtained a statistical distribution of tube diameter centred on 1 .4 nm with a full- width at half- 
maximum of 0.2 nm. A third type of tubes was synthesized in a vertical flow aerosol reactor |33]. EELS experiments 
have been carried out in a dedicated scanning TEM (STEM) VG-HB501 (100 KV). We used a sligthly defocussed 
probe of a few nm in diameter, with a convergence angle of 15 mrad and a collection angle of 24 mrad. Particular 
attention has been devoted to contamination and damage during acquisition. STM measurements at room tempera- 
ture were performed using an Omicron Nanotechnology © variable temperature STM. STM/STS measurements were 
performed using an Omicron Nanotechnology © low temperature (5K) STM operating under UHV conditions (less 
than 10"'" mbar). Arc and laser nanotubes were deposited from a dispersion in alcohol after sonication onto a single- 
crystalline Au (111) surface previously cleaned under UHV condition by repeated cycles of ion argon sputtering and 
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annealing at 800 K. The samples were dried in air and introduced into the UHV system. CVD nanotubes were de- 
posited in situ onto commercial gold on glass surface previously flashed by butane flame in air. Before STM/STS 
measurements, the samples were outgassed for 2 hours to remove residual molecules. All measurements were per- 
formed with tungsten tips. 



3. Electronic bandgap of CNTs on a Au(lll) surface 



3.1. Bandgap distribution in a bundle of nanotubes 

After dispersion and deposition on the Au(lll) substrate, most of the nanotubes remain arranged in bundles, 
allowing us to measure bandgaps of single nanotubes, either directly in contact with the metallic substrate, or sepa- 
rated from the metal by neighboring nanotubes. In Fig. we present the topographic image of a bundle on the 
Au(lll) substrate. The nanotubes are intertwined in the bundle. The differential conductance image at 20 mV (Fig. 
[lib)) depicting the distribution of the local densities of states permits us to distinguish clearly the metallic from the 
semiconducting tubes in the bundle. Its color scale corresponds to the level of the LDOS at 20 mV and reveals the 
presence of semiconducting tubes in the bundle, that appear dark whereas the metallic tubes appear with a color code 
closer to that of the gold substrate. 

This conductance image can be further understood by looking at the dl/dV spectra plotted in Fig. [Uc). On the 
gold substrate, the differential conductance has a constant non-zero value, as expected (black dashed curve). On 
the nanotubes, the spectra are dominated by VHSs. On the metallic tube, the conductance (blue dotted spectrum) 
between the two first singularities is close to that of the substrate, except around the Fermi level where it displays 
a local minimum. This pseudo-gap [34] can be induced by a curvature effect fsS*] or to intertube interactions |3a]. 
Two spectra of semi-conducting tubes are also shown in Fig. [Uc). The spectrum of tube 1 (green curve) exhibits 
a st rong asy mmetry with respect to the Fermi level, which can be attributed to charge transfer from the substrate 
I Ij, ll4l ISlll ■ The energy separation between the first two singularities on each side of the Fermi level is denoted 



Ejj for semiconducting tubes and Ej^ for metallic tubes, respectively. One can measure these values at the point of 



maximum slope in the peak 113811 . In this way, E'^^ is found to be equal to 0.70 eV (green spectrum) for tube 1 directly 
contacting the substrate and to 0.91 eV for tube 2 (red spectrum) at the top of the bundle. 
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Figure 1 : (Color online) STM/STS of a bundle of tubes on the substrate, (a) Topographic image. Uj,,^ 



1 V, I „ 



: 0.4 nA. (b) Differential 



conductance images at 20 mV. The images are 40x40 nm". The color scale corresponds to the level of DOS. At 20 mV, the semiconducting tubes 
have zero DOS and turn out to be darker compared to the substrate and the metallic tubes, (c) Representative dl/dV spectra taken at locations 
indicated by markers blue, red, green and black in image (a). 



The renormahzation of the electronic gap of a molecule due to substrate-induced charging effects in STS mea- 
surement has been akeady studied both theoretically and experimentally 1 3^ i^, 41]. The screening effect due to the 
image charge in the metal was found to account for the decrease of the electronic gap of the molecules deposited on the 
substrate. For the nanotubes, when they are in contact with a metallic substrate, this effect should also be considered. 
Here the measured /s^j value of tube 1 is indeed smaller than for tube 2 and the difference cannot be explained by the 
distribution in tube diameters fiS]. This suggests that the tube-substrate distance would probably have an impact on 
the E?, value measured by STS. 
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3.2. Bandgap reduction due to screening by the metallic substrate 

In order to verify the relation between the tube-substrate separation and the measured bandgap, we have also 
studied the pure carbon SWNTs synthesized by CVD. The histogram of the measured fi^j values (see Fig.|2]i shows 
a clear right shift of Zi^j measured on the top of bundles (red) with respect to those measured on the tubes contacting 
the substrate (blue), in good agreement with the results obtained on the arc samples. 

The present observation can be explained as follows (see the scheme in Fig. |3]l. According to the literature, the 
intrinsic gap of semiconducting tubes is the sum of the single-particle gap and of the self-energy induced by the many- 
body effect li43li44ll . In STS measurements, the screening effect can be understood from an image charge model, where 
the E^^y transition of a nanotube adsorbed on a metal corresponds to the gap of the free nanotube (including electron- 
electron interactions) reduced by the_screening energy resulting from the image charge in the metal Ce^/(2!ia), where 
ha is the tube-substrate distance f42ll . For the tubes contacting the substrate (ha - hi), the many -body effect is 
practically compensated by the substrate-induced screening, which reduces significantly the gap and approaches the 
single-particle gap value. As ha increases (ha - /za), the screening effect decreases and leads to larger experimental 
STS values. The limit hg — » oo, allows us then to estimate the unscreened gap of nanotubes. 
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Figure 2: (Color online) Histogram of £j j measured on the CVD sample. Blue bars: values measured on the tubes contacting the metallic substrate, 
Magenta bars: values measured on top of the bundles. 



Experimentally, the major role played by many-body effects has been first demonstrated by optical measurements 
ll43il4411 . The electron-hole interaction confined in the quasi one dimension system leads to important excitonic effect 
in the optical absorption. At first glance, the STM experiments are not supposed to be sensitive to such an electron-hole 
interaction |27]. Therefore, it is instructive to compare the STS measurement with optical absorption experiments. 
The inset in Fig. [3] shows the optical absorption spectrum measured on the same patch of arc nanotubes. The energy 
difference (AE) between the optical transition and the asymptotic values E^" by STS is then expected to correspond to 
the exciton bin ding energy. In this way, we obtain AE^^ ~ 0.4 eV, close to the value determined in previous optical 
measurements 04411 . 



4. The molecular orbitals of carbon nanotubes 



In the context of controlling the electronic band structure of carbon nanotubes using doping or functionalization, 
the molecular orbitals of SWNTs play a major role, since they are fully involved in the transport properties and the 
chemical reactivity of SWNTs 13011 . It has been predicted that, in defect-free semiconducting tubes, the electronic 
states would exhibit broken symmetry |45, 4^ 47]. Local conductance measurement of SWNTs using atomically 
resolved STS allows us to investigate such an asymmetry at VHSs. 



4.1. Semiconducting tube: 3p+l 

In Fig.|4|a-d), we present the differential conductance images (dl/dV maps) in color scale of a semiconducting tube 
at the energies of the VHSs. The hexagonal lattice is determined on the topographic image [48] and superimposed 
in the images to indicate the position of carbon atoms. The significant deformation of the lattice is mostly due to 
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Figure 3: (Color online) Schematic illustration for the j transition in different situations. The inset shows optical absoiption measured on our arc 
nanotube sample. 

the drift occurring during the long acquisition time as well as distorsions induced by the curvature of the nanotube. 
These conductance images show a strong anisotropy of density of states which is energy-dependent. More precisely, 
for the images at VHS+1 and VHS-2, one third of the C-C bonds are highlighted while the other C-C bonds are 
more intense at VHS-1 and VHS+2. The four images can be summarized into two different patterns sketched in 
Fig.|4te,f). The superimposition of these two types of images, such as VHS±1, restitutes a full sixfold symmetry. 
In Fig. Etg), we plot the differential conductance profiles along an hexagon. Starting from the atom labeled 1 in 
Fig.Uff), the VHS+1 profile in the clockwise direction of the hexagon displays two maxima corresponding to higher 
DOS and four minima indicating lower DOS. The maxima/minima of VHS+1 are exactly at the same position as the 
minima/maxima of VHS-1. The conductance profile at VHS-1 has the mirror symmetry with respect to the profile at 
VHS+1, demonstrating clearly the complementary nature of these two patterns. 
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Figure 4: (Color online) Differential conductance image of the semiconducting tube at (a) VHS-2 = -0.778 V; (b) VHS-1 = -0.374V; (c) VHS+1 = 
0.374 V; (d) VHS+2 = 0.778 V. The white an'ow indicates the axial direction of the tube and the honeycomb lattice of the tube is drawn by blue 
lines, (e, f) Schematic illustration of the two wave patterns, (g) Differential conductance profiles at VHS±1 along the hexagon indicated by the 
blacks dots in figure (f). The starting point is the atom labeled 1 and we followed the clockwise direction. The dashed lines indicate the position of 
the atoms. 



4.2. Semiconducting tube: 3p-l 

Similar patterns with broken symmetry were systematically observed on the defect-free nanotubes. Fig. |5] shows 
the dl/dV maps of a second type of semiconducting tube. At VHS+1 and VHS-2, two thirds of the C-C bonds have 
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a maximum of LDOS. The most inclined bond with respect to the axial orientation has maxima of electron density 
at VHS-1 and VHS+2, presenting an opposite behavior to that of the previous example. As will be shown in the 
following, this behavior is the signature of (n,m) tubes with n-m = 3p-l wheras the example shown in the previous 
section is typical of a n - m - 3p + 1 tube. 
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Figure 5: (Color online) Differential conductance images of the semiconducting tube 2 at (a) -0.640 V; (b) -0.302 V; (c) 0.447 V and (d) 0.809 V. 
(e, f) Schematic illustration of the imaging patterns. The tube axis is oriented in the horizontal direction. 



43. Tight binding analysis 

In the literature, interference patterns have been observed in STM topographic images close to defects such as 



chemical impurities, cap ends or in finite length nanotubes 11491 1501I51I1 . Differential conductance images have also 
been obtained in a finite length tube using local differential conductance spectroscopy |52]. These observations have 
been explained qualitatively by interference effects between the Bloch waves |45it53n50i]. In contrast, our results of 
dl/dV maps were performed far from the extremity of the tube and were observed systematically. Our observations 
are consistent with the prediction that the electronic states would display broken symmetry effect ll46i i49l l45i i47i l54ll . 

A chemist approach in real space |48] appears to be very fruitful also as we show now. We follow the classical 
zone-folding theory based on a tt tight binding description of the graphene band structure. The rolling up of the 
graphene sheet implies that the allowed k vectors belong to the so-called cutting lines parallel to the tube axis, sep- 
arated by iTijL, where L - jrd is the length of the chiral vector and d is the diameter of the tube. If (n,m) are the 
coordinates of the chiral vector, the position of the cutting lines with respect to the K points depends on the value of 
n-m modulo 3 . In the case of metallic tubes, n-m - 3p and some cutting lines are going through the K points. In the 
case of semiconducting tubes, n - m = 3p + I, and the nearest line is at a distance 27r/3L on the left (resp. right) hand 
side of K point when n-m = 3p+l (resp. 3p- 1). This depends on the specific choice of the K point (see Fig.|6ja)), 
but the final result of our analysis will not. Close to the K point, the linearity of the dispersion relation of graphene 
implies that the energy E is proportional to \k- K\. For an-m = 3p+l tube, as indicated in Fig.|6ja), the k vector of 
its LUMO state corresponds io k - K + q, where q - qo, qo is defined as a vector of length 2nl3L pointing along the 
direction of the chiral vector in the negative direction. On the other side of the K point, the k - K + q - K- 2qo vector 
corresponds to the second singularity. The Bloch eigenstates of a singularity have only a double trivial degeneracy 
±k, being close to a K' point of the Brillouin zone. 

Since there are two atoms per unit cell in the graphene structure, the eigenstates | i/r^) are built from two indepen- 
dent Bloch states | ki) and | K2): 

\iP^}^Ci\ki} + C2\k2}. (1) 

These two Bloch states | Ki(2)) are linear combinations of atomic state | «) at site n in the two sublattices. 

I ^1(2)) = I " >■ 

fleU.2) 
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Figure 6: (Color online) (a) Brillouin zone of tlie liexagonal grapliene lattice (left) with a zoom close to the K point showing the cutting lines 
parallel to the tube axis in the case of semiconducting tube with n ~ m = ?>p + \ (right), (b) Relation between to, ^ and chiral angle 6. ai is the angle 
between the vector and the axis and is related to the chiral angle 0. 9 is defined as the smallest angle between d[ vector and chiral vector C;, and 
< 6 < n/6. For the LUMO state ofan-m = 3p+l tube, ^ = tfo, qlt being a vector of length 2ff/3L pointing along the direction of the chiral 
vector in the negative direction, the corresponding co = 6 + ^ . (c) Illustration of the angle 6(, = w - | - ^.fa for the LUMO state of the tubes of 
n - m = 3p + i type, a = 1,2,3. 0a = S, 9 + 2n/3 and 9 - 2n/3, respectively. Thus, 9^ represents the angle between the vector r„ and the tube axis 
f. 

Dropping for simplicity the k indices, the wavefunctions in real space i/'(r) can be written as: 

ite\ rtel 

where <f>(r- ft) is the tt atomic orbital centered on site «.0 We can now calculate the electronic density p(r) - li/rp, 

p(f) = ICilVll^ + |C2lV2l^ + CiC2iAl<A2 + ClC2lA>2. (4) 

This development involves an expansion in products of the atomic wavefunctions at different sites. For \i//\(2)\^' 

l<Ai(2)l'= 2 (5) 

«,(?!£ 1(2) 

In the first neighbor approximation, the overlap function (p{r- ft) (p{f^- fn) can be neglected when n + m, because 
first neighbour sites belong to different sublattices and the above terms reduce to the superposition of atomic densities: 

1(^1(2)1'= (6) 

nel(2) 

In the same approximation, the cross term is given by: 

^1^*= ^ (7) 

«e 1 ,me2 

where n and fh are first neighbors. Close to the K point, the ratio Ci / C2 is given by :|1 

C1/C2 = sgnC^yC^-i^ (8) 

1. Here we consider only the n states. 

2. In the tight binding model, the Hamiltonian H{k) has only off-diagonal non-vanishing matrix elements: H{k)\i = H(k)22 = and H(k)i2 = 
H'(k)2i ■ The eigenvalues of energy is given by £ = ±yo|r(^)| = ±>'ok''' + e'^ ''- + e'* '"' |, where 70 is thet transfer integral between first neighbors, 
ft, r*2 and t\ are the vectors joining one atom to its three first neighbors, as indicated in Fig.|6] Close to a A' point, k = K + q and F(.^ = 0. Thus, 
by developing r(k) ito first order in q, T(k) = -^^qe'^'^^'s \ where a^c is the C-C nearest neighbor distance, q is the module of 4, <^ is the angle 
between q and the .? axis, see Fig.fSJa). The energy E = ± q depends only on the modulus of ^. Since Hi// = Ei//, ECi = -yo^(k)C2, the ratio 
C1IC2 is then directly obtained. 
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where sgn(£')= + 1 depends on the sign of E and u) is the angle between q and the x axis. This implies that the 
ratio C1/C2 just introduces a phase factor related to the direction of the q vector, i.e. finally to the chiral angle 9, as 
indicated in Fig.|6l^b). The chiral angle here is precisely defined as the smallest angle between the a\ lattice vector 
and the chiral vector C/,, so that Q < 9 < n/6. Since|CiP - ICil^ we can normalize the density in Eq. Q by fixing 
these quantities equal to unity. Finally, combining Equations. (|6]l, O and (|4]i, we obtain the expression of the local 
density of states n(r, E), which is the quantity measured in STS. n(r, E) can be written as: 

n(r,E) = n(E)xp(r) 

lie I +2 

+ [&gn(E) ^ e'[^<""*+'^" 5 l0(r-n)(^(r-m) + complex conjugate]} 

fie I ,Mle2 

= «(£)x{pat(^+A„t(/^) , (9) 

where n{E) is the density of states, p-n{r) is the superposition of electron atomic densities and pmir) is the interference 
centered on the C-C bonds. 

The breaking of the sixfold symmetry is caused by the second term pm{f^- Its intensity is proportional to the 
nearest neighbor overlap. Then, m - ft is one of the fa vectors between first neighbors shown in Fig.|6lb,c). Keeping 
only the terms of lowest order, we can also replace k by ^, and the interference term piat(r) can be written as: 

Pint(/^ = 2(p(f)(p(f- fa) X sgn(£) cos 9a, (10) 

where 0q. = w - | - ^.f„. 

From Eq. (fTOl l. we see that the electronic density of the interference term is determined by the factor s,gn(E) cos 9a. 
To discuss the value of cos 9a, let us first consider the LUMO state of a n - m = 3/7 + 1 tube. As mentioned above, 
the corresponding vector q - qo, points along the negative direction of the chiral vector C/,, so that oj - 9 + ^ (see 
Fig.|6jb)). When Tq, - fi, T2, T3, K.fa is equal to 27r/3, and 47r/3 respectively and the corresponding values of 
9a - a> - ^ - K.fa are equal to 9, 9 + 27r/3 and 9 - 2jt/3. As shown in Fig.|6tc), these angles are equal to the angles 
between the tube axis T and the C-C bonds fi^i- We have cos 9i > 0, cos 02,3 < 0. Switching to the LUMO+1 case, 
the q vector should take the value -Iqo. This leads to a shift of tt in w with respect to the LUMO state and inverts the 
sign of cos 9a. Considering both the sign of E and cos 9a, there are four possibilities, as listed in table. [1] Depending 
on the sign of sgn(£') cos 9i , basically two types of images are then expected: 
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Table 1 : Sign of the phase factor sgn(£) cos 6„ of the interference term pintir) for n - m = 3p + I tubes and the resulting interference image type. 

Image of Type I: sgn(£') cos 0i > 0. As schematically illustrated in Fig. e), the electron density above the C-C 
bonds pointing close to the tube axis (ti) is reinforced, all the more when is small, i.e. close to a zig-zag orientation 
(cos0^ 1). 

Image of Type II: sgn(£') cos 0i < 0. In this case, when the chiral angle is close to zig-zag orientation (0 ^ 
0, cos 02,3 - -1/2), the images present stripe reinforcements on the bonds perpendicular to the axis (T23), as indicated 
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in Fig.lHf). The images of type I and type II are complementary and the superposition of both types reconstitutes the 
six-fold symmetry of the graphene network. As 6 increases, w - | - K.-n, — > and the density on the corresponding 
bonds (r? in Fig.|6jb,c)) gradually vanishes and the density concentrates principally on the bonds f2. 

To summarize, for the tubes such that n - m - 3p + 1, the LUMO and HUMO contributions are of type I and type 
II, respectively, presenting complementary natures, because the corresponding sign(£') values are opposite. When 
going from the first VHS to the neighboring second VHS (same sign of E), the q vectors are along opposite directions, 
implying a shift of n in the phase factor w, which inverts the sign of cos 6a ■ Therefore, the singular contribution at the 
second VHSs is also complementary of those of the first ones. 

Considering now the other family of semiconducting tubes, where n - m - 3p - 1, the q vector of the LUMO 
state should be replaced by -^o, giving rise to a phase shift of n with respect to the n - m = 3p + 1 tubes. Thus, the 
LUMO state presents the image type II. By analogy with the analysis in table. \T\ their HOMO-1, HOMO, LUMO and 
LUMO+1 states correspond to the images of type II, I, II and I, respectively, and are complementary to those of the 
n - m - 3p + 1 tubes. These results agree perfectly with those obtained by Kane and Mele ll45[l . 

Turning back to experimental data, in Fig. SJa-d) (see section \4~T[ . we have observed exactly only two types of 
interference images as predicted by the tight-binding model. The axially oriented C-C bond has maximum electron 
density at VHSh-1 and minimum density at VHS-1. This implies that the investigated tube belongs to the family 
3p + 1. As for the tube shown in Fig.|5](see section l4!2l l. its conductance images at VHS-1 and VHS+1 exhibit the 
interference pattern of Type I and Type II, respectively. According to our tight binding model, it belongs to the family 
3p-l. 



5. Nitrogen doped single-walled carbon nanotubes 

After having attained a deep understanding of the electronic properties of pure carbon nanotubes, we now study 
nitrogen incorporation and its doping impact on the atomic and electronic structure of nanotubes. 

5.7. Structural and chemical characterization of CNxSNWTs by TEM/EELS 

Fig. Ha) displays a TEM image of as-grown products dispersed in solution. We observe a random network 
of single-walled nanotubes, which are assembled into bundles. These bundles contain a number of tubes varying 
from a few units to a few tens. The tubes are well-crystallized, and very few defects are observed. Local chemical 




300 350 400 450 

Energy Loss (eV) 



Figure 7: (Color online) (a)TEM image of dispersed CNj-SWNTs. (b) Sum of 6 EEL spectra recorded on the bundle of CN^-SWNTs displayed in 
the inset (marked with an arrow). Inset: N-K edge spectrum obtained after background substraction (see the text). 

characterization of as-grown nanotubes has been previously carried out using spatially-resolved electron energy loss 
spectroscopy (SREELS) of bundles of SWNTs and individual nanotubes 1 12]. This analysis revealed a mean nitrogen 
content about L7 atom %. Fig.|7jb) shows a representative example of the EELS spectrum recorded of those NTs. 
This EELS spectrum corresponds to the sum of six EEL spectra acquired on the bundle of NTs shown in the bright field 
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Figure 8: (Color online) (a)STM image of a SWNT containing multiple defects. V= 0.5 V, I = 200 pA, scale bar: 3 nm. The rectangle and square 
indicate two types of defects, (b) Magnified image of a defect with large spatial extension. The distance between black dots is equal to 0.44 nm. 
(c) Magnified image of a defect with small spatial extension. 




image (acquisition conditions are described elsewhere lll2ll : the acquisition time was two seconds for each spectrum). 
From the shape of the C-K edge it can be deduced that the nanotubes consist of a typical graphitic network with 
sp^-type bonding and that the tubes are very well graphitized 10, The inset of Fig. |7|b) shows the N-K edge. 
Two features can be observed at ~ 398 and ~ 402 eV, respectively. They could be attributed to the n states of the 
pyridine-like and graphitic-like configuration, respective Iv M [Till . As a matter of fact, we observed a predominance 
of pyridine-like nitrogen configuration Iil2ll . 



5.2. Structural and electronic characterization of CN xSNWTs by STM/STS 

Following this chemical analysis, STM measurements of CN^-SWNTs have revealed the presence of defects with 
different characteristics. Fig. |8ja) displays a tube containing multiple defects. Two types of perturbation of carbon 
network, appearing as a local protrusion, can be readily distinguished. The rectangle indicates the first defect with 
large spatial extension (5~6 nm), comprising axially oriented spots with a 0.44 nm periodicity, as indicated by the 
black dots in the magnified image of Fig. [8lb). Similar defect has been previously observed in our CN i-SWNTs and 
reported in lliTll . We will present later on a detailed study on this kind of defect by combining STS spectroscopic data. 

The second defect is indicated by the square in Fig. |8la) and a magnified image in Fig. ISjc)- It appears as a 
local protrusion with a series of "ridges" aligned along its axial direction. Compared to the first defect, its spatial 
extension is much smaller, ~1 nm. It is worth mentioning that such a signature has also been observed several times 
in our CN v-SWNTs. Even if the exact configuration of this defect is not known, we can exclude some cases. We first 
consider topological defects. The signature of a vacancy is predicted to be a bright hillock structure [15„ ^5] and it 
has few in common with the present observation. The present signature is more similar to the presence of a pentagon 
in the graphitic network which is a ring protrusion [46] or a Stone-Wales defect exhibiting a combination of double 
rings protrusion with ridge-like structure [16]. According to DFT calculations ll56ll . the signature of a single graphitic 
nitrogen is a triangular bright spot cluster weakly sensitive to STM bias, which seems to exclude the possibility of a 
single nitrogen atom in a substitutional site. The observation of two different defect signatures in the same tube also 
indicates that these two signatures should correspond to different atomic structures. 

Fig- Eta) shows the image of a nanotube measured at 1.0 V. The defect is localized in the middle of the image 
(zone D). The difference in height between the defect and the other part of the tube is very small, which is different 
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Figure 10: (Color online) The evolution of the electronic structure on the defective nanotube. (a) STM image of a defective tube with a local 
protrusion at the upper part of the tube. V=1.1V, 1=1 nA (b) Color map of the differential conductance as a function of the bias voltage and of 
the position along the defective tube in image (a), (c) Typical STS in the defect-free zone (black curve) and on the protrusion (red dashed curve). 



from the local protrusions presented above. It is worth noting that, next to the defect site, the STM image exhibits an 
interference pattern over long distance with a V3fl x V3a periodicity (a is the graphene lattice constant). This pattern 
can be interpreted in terms of electronic interference originating from large momentum scattering of the electron wave 
functions at the defect site between two nonequivalent K points, which leads to a modulation in the electron density 
|45,|49t]. Similar patterns have been experimentally obtained in the vicinity of tube end caps |50], of defects created 
by hydrogen electron [57] and STM tip-induced defects fs^. In an oversimplified description, such an interference 
pattern is a fingerprint of the presence of a localized defect, which can act as an electron scatterer In our observation, 
since the amplitude of the DOS oscillation decreases with the distance, the mixture of various electron states leads to 
a continuous change in the imaging pattern (sdl. Upon increasing the bias voltage up to 1.3 V, the perturbation area 
(zone D) fades out, and the tube presents a uniform interference pattern over a distance of 10 nm, consisting of bright 
spots and wavy lines. Such long range interference patterns have been frequently observed, suggesting the existence 
of a several localized defects in our CNv-SWNTs. 

In order to have a deeper understanding of the defects observed in our CNj^-SWNTs, a spectroscopic study has 
been undertaken at low temperature. Fig. [TOfa) displays an atomically resolved STM image of a nanotube with a 
protrusion with a spatial extension about 6 nm, similar to the first defect reported above. In Fig. [TOf b). we plot the 
color map of differential conductance spectra as a function of the bias voltage and the position along the tube, which is 
oriented vertically. Starting from the defect-free zone at the bottom of the image, the tube exhibits a typical electronic 
structure of a defect-free semiconducting tube. In Fig. [TOjc), a typical STS of this defect-free zone (black curve) 
exhibits the two first VHSs, giving an electronic gap about 1.2 V. When the tip approaches the protrusion zone, two 
new states appear inside the electronic gap at around -0.37 V and 0.24 V, respectively (dashed curve in Fig.fTOl'c)). 
Referring to the literature, paired states near the Fermi level have been attributed to the presence of vacancy-adatom 
complex |59] or any two close point defects 15711 . Assuming that this defect is due to the presence of nitrogen, there 
are several possibilities based on the understanding of paired states : 1) the presence of several nitrogen atoms; 2) the 
combination of nitrogen with vacancy. This observation is in line with the results presented above where the defects 
observed cannot be explained by a simple substitution of a nitrogen atom in the carbon lattice, but most likely by a 
complex structure. 
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5.3. Nitrogen configuration in CNx-SWNTs 

The C-N bonding in nitrogen doped CNTs has been studied in previous works by Glerup et al. ifioll and Ayala 
et al. 1 60] who found that the nitrogen is incorporated in the walls with both graphitic and pyridine-like forms. In 
contrast to these analysis, our EELS results suggest that the pyridine-like configuration is preferentially stabilized in 
SWNT, with respect to the graphitic one lfl2ll . Some recent theoretical studies concerning the formation energy of 
pyridinic and graphitic configurations have proved the possibility of having only pyridinic configurations under some 
conditions: on the basis of first-principles total energy calculations, Min et al. 116 ill showed that the pyridine-like 
nitrogen configuration is indeed energetically favored as compared to graphitic configuration when two hydrogen 
atoms are attached to passivate the broken carbon bond. Yang et al. showed that pyridine-like nitrogen becomes 
more favorable than graphite-like nitrogen as the diameter decreases and as the chiral angle increases, in agreement 
with f63ll . It is also worth noting that Ayala et al. ll60ll have reported that pyridine-like configuration occurs at higher 
synthesis temperature while the graphitic substitution configuration fades away. At the highest temperature achieved 
in their synthesis (950°), they showed a predominance of pyridine-like configuration. These results support our EELS 
findings. 

Turning back to STM data, the protrusion with small extension observed in our CN v-SWNTs cannot be due to the 
presence of a single graphitic nitrogen, whose signature is predicted to be a triangular bright cluster In addition, if 
the large protrusion in our sample observed by STM/STS is indeed caused by nitrogen, its electronic structure is also 
consistent with a non-graphitic nitrogen configuration. It is generally believed that the graphitic nitrogen gives rise 
to a donor state |64, 65], while we observed a double peak structure within the gap. All these results imply that the 
graphitic nitrogen is not the dominant one in our CNf-SWNTs, which is in line with EELS analysis Il2ll . Therefore, 
although a chemical characterization cannot be unambiguously performed from the STM/STS data, we can conclude 
that, if nitrogen atoms are at the origin of the defects observed, the dominant configuration is probably not a single 
simple substitution. 

In order to have a general idea of defect distribution and defect content in our CN ^-SWNTs, we have performed 
a statistical study of the atomically resolved STM images. Defects have been detected in ~ 1/3 of the investigated 
zones (each is ~ 20 nm). Assuming that all the defects observed by STM measurements are due to the presence of 
nitrogen, the frequency of their detection in STM images is at first sight hardly compatible with the N concentration 
determined from EELS, which revealed an average nitrogen concentration of at% ]12]. If the distribution of 
nitrogen atoms on the tube surface is homogenous, according to EELS data, we should be able to observe a defect 
associated with the presence of nitrogen every 4 nm (this estimation takes into account the fact that N atoms can be 
randomly distributed along the tube circumference and that only the upper side of tube can be detected by the STM 
tip). This apparent discrepancy between EELS and STM data can be explained by a heterogenous N distribution, in 
which case we should find some areas rich in N atoms. This leads to the question of the nature of N configurations 
when embedded in the graphitic network. As discussed above, nitrogen atoms are incorporated in S WNTs as complex 
defects, involving several nitrogen atoms. Thus, a smaller frequency of defect detection can be expected, as it is the 
case of our STM measurement. This also agrees with the inhomogeneous distribution of nitrogen at the surface of 
tubes found in the EELS analysis. Indeed, as shown in Fig. [8] we observe a long range unperturbed zone (~ 20 nm), 
but highly perturbed zones in some areas of the tubes. 

Summarizing our results, STM data reveal the presence of different defects in our CNi-SWNTs. These defects 
could be most likely made of complex structures involving one or more nitrogen and defects such as vacancies or 5/7 
rings. STM and EELS results indicate that the nitrogen atoms are not regularly dispersed along the tubes. Based on 
this understanding, we would expect that the structure of nitrogen rich defects might vary from one defect to another, 
randomly dispersed along the tube. 



6. Conclusion 

In this study, we have discussed the structural and electronic properties of pristine and CN^^ single-walled nan- 
otubes by combining TEM/EELS and STM/STS analyses. Firstly, we have evidenced the role of many-body effects 
played in STS and the role of the metal substrate which screens these interactions via the image charge. The compar- 
ison between STS and optical absorption measurement has allowed us to estimate the exciton binding energy of the 
semiconducting tubes. Secondly, we have performed a complete experimental investigation of the molecular orbitals 
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associated with Van Hove singularities in pure semiconducting SWNTs. Using a simple tight-binding model, we have 

analyzed the symmetry of wavefunctions in SNWTs and demonstrated that the molecular orbitals of nanotubes at the 
Van Hove singularities display only complementary behaviours. Finally, based on the analysis by TEM/EELS and 
STM/STS, we have tentatively proposed a model for our CN;c-SWNTs: the insertion of nitrogen atoms should be 
associated with different structural defects, such as vacancies or pentagons and/or heptagons and the clusters of these 
structures disperse randomly along the tubes. 
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